Background The purpose of this paper is to describe the transdiaphragmatic approach to the heart for open CPR in patients that arrest at laparotomy and to present a first case series of patients that have undergone this procedure.
Introduction
Open cardiopulmonary resuscitation (CPR) was first described and applied in the 1960s [1] [2] [3] . For trauma patients who require CPR after suffering cardiac arrest, emergency department resuscitative thoracotomy (EDT) gives the best survival rates if performed in the emergency department (ER) or operating room (OR) [4] [5] [6] [7] . If the cardiac arrest has been witnessed, EDT is recommended for patients with both blunt or penetrating injuries [4] . EDT is conventionally performed through a standard left-sided thoracic incision in the fourth intercostal space.
However, in patients who suffer cardiac arrest during laparotomy, the intraperitoneal transdiaphragmatic access to the heart may be a less traumatic technique to achieve effective open CPR. A review of the literature found only a single case report of transdiaphragmatic cardiac resuscitation through a midline abdominal incision [8] . We present six additional cases and describe our technique for this alternative approach to the heart in patients suffering cardiac arrest for different reasons during laparotomy.
Methods
All patients who had undergone intraperitoneal transdiaphragmatic open CPR between January 1, 2002 and December 31, 2012 were retrieved from the operation registry at Bern University Hospital, a Level-I Trauma and Transplant Center in Switzerland. Patients' charts, OR, and anesthesiology reports were queried and basic demographics were retrospectively recorded.
At Bern University Hospital, the transdiaphragmatic access to the heart was performed for the first time in 2002. Since then, six patients suffering cardiac arrest during elective or emergent laparotomy without evidence of additional thoracic injuries have undergone intraperitoneal transdiaphragmatic open CPR. In addition, electric conversion and administration of resuscitative drugs are applied according to the European Resuscitation Council guidelines for resuscitation [9] . In cases of prolonged cardiopulmonary failure, an extracorporeal membrane oxygenation (ECMO) device may be applied at the discretion of the attending surgeon. Patients who regain cardiac rhythm with stabilized hemodynamics are transferred immediately to the intensive care unit (ICU), where they are treated further by both the surgical and the ICU team.
Transdiaphragmatic access to the heart is initiated with a 10-cm-long anterocaudal incision in the central tendon of the diaphragm-approximately at 2 o'clock ( Fig. 1) . The pericardium is easily opened, as the medial portion of the diaphragm is attached to it. Pericardial tamponade is excluded and the descending aorta may be clamped just below the diaphragm. Internal cardiac compression through the diaphragmatic incision can be performed from both sides of the patient. From the right side of the patient, cardiac massage is performed with the right hand and vice versa. With the hand and wrist in a comfortable position, the extended fingers of the right hand are placed over the lateral aspect of the left ventricle, the thenar eminence, and thumb over the right ventricle (Fig. 2) . After finishing manual cardiac compressions, the anterior and lateral branches of the phrenic artery are ligated and the diaphragm is closed by a running nonabsorbable suture. As long as the pleural cavity remains intact, no chest drain is placed.
Results
During the past 10 years at Bern University Hospital, a total of six patients were identified that suffered cardiac arrest during laparotomy with open CPR performed through the transdiaphragmatic approach, as described above. Table 1 shows a summary of the characteristics of these six patients.
The six patients included in this case series comprised four patients who suffered cardiac arrest during orthotopic liver transplantation (OLT) and two trauma patients who suffered cardiac arrest during damage control laparotomy.
The overall mean duration of cardiac massage was 36 ± 17 min. There were no complications or morbidity related to the transdiaphragmatic approach to the heart. The pleural cavities were never accidentally opened. As adjuncts to manual cardiac compressions, electric defibrillation was applied in two patients, and extracorporeal circulation devices (ECMO) were installed in another two patients.
In three patients, cardiac activity was never reestablished. However, three patients regained a perfusion heart rhythm and two of these survived to the ICU. One patient ultimately survived to discharge. This was a 44-year-old male patient who had suffered cardiac arrest during OLT. This patient arrested during the initial phase of liver reperfusion. In this patient, 29 min of transdiaphragmatic cardiac massage was performed. After reestablishing a perfusing heart rhythm, an ECMO was placed to support Both of the two trauma patients included in this case series suffered blunt trauma due to motor vehicle accidents, with cardiac arrest during damage control laparotomy. One was a 6-year-old male patient who suffered an isolated grade V liver laceration with involvement of the retrohepatic vena cava. This patient suffered arrest at laparotomy, and the heart was immediately accessed through the transdiaphragmatic approach. After 60 min of cardiac massage, massive transfusion and installation of an ECMO, the patient regained a perfusing heart rhythm and was transferred to the ICU. However, this patient expired at day 1 after the accident due to cardiopulmonary collapse.
Discussion
In patients suffering cardiac arrest during laparotomy without evidence of thoracic injuries, the transdiaphragmatic approach to the heart is a valuable alternative to the conventional access through the standard left-sided thoracic incision at the fourth intercostal space. As shown in the current case series, cardiac massage and, if needed, aortic clamping or electric conversion can be performed adequately in this alternative technique.
Since its first description in the 1960s [1] [2] [3] , the role of open CPR in the resuscitation of injured patients has remained controversial, due to the overall poor outcome of these patients. Some investigators have proposed that EDT is futile care and a waste of resources, while proponents advocate the use of this life-saving procedure in selected cases [5, 6, [10] [11] [12] [13] [14] [15] [16] [17] . Especially in cases with a witnessed cardiac arrest, open CPR is recommended-conventionally through a left-sided thoracotomy [4] .
According to our experience, in patients suffering cardiac arrest with the peritoneal cavity already open, the surgical procedure of transdiaphragmatic access to the heart is easy, safe, and performed within less than a minute. This surgical technique, as described here, is similar to the transdiaphragmatic or subxyphoidal diagnostic pericardial window, but the incision is lengthened to fit the hand of the surgeon [18] . With three of six patients with transient regain of a perfusing heart rhythm and one survivor, the outcome of this alternative technique is comparable to the conventionally performed EDT through a left-sided thoracotomy [7] . However, this alternative access to the heart adds a minimum of additional trauma to the patient compared to a left-sided thoracotomy. In none of the cases presented here, was the pleural cavity accidentally opened. Without the additional thoracic surgical trauma, pulmonary complications are expected to be much less.
In patients undergoing laparotomy for OLT, hyperkalemia in the reperfusion phase can cause cardiac arrhythmia or even cardiac arrest, which happened in four of the six patients included in the current series. After revascularization of the transplanted liver, washout of preservation fluid containing high concentrations of potassium may cause immediate postreperfusion hyperkalemia [19, 20] . In addition, reperfusion injury contributes to the dangerous hyperkalemia in these patients. Although pathophysiologically different, similar electrolyte changes, including severe hyperkalemia, were observed in trauma patients undergoing resuscitative EDT [7] . Therefore, the lessons learned from patients suffering cardiac arrest during OLT may be applied to trauma patients that arrest during damage control laparotomy.
Conclusions
In patients suffering cardiac arrest during laparotomy, the transdiaphragmatic approach allows for a rapid, technically easy, and almost atraumatic access to the heart, with excellent CPR performance. This potentially life-saving procedure adds minimal additional surgical trauma to the patient. After this alternative approach to the heart, pulmonary or surgical site complications are expected to occur much less compared to conventional EDT.
